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SYNOPSIS 

The test data reported herein deals with the fundamental 

behavior of several large structural truss-type connections consisting 

of 1/2~in. gusset plates and 18-in. I-beams, fabricated with either 

rivets or high strength steel boltso 

v 

Of the three specimens tested, OTIe was fastened with hot

driven rivets while the other two were bolted. One of the bolted speci

mens was assembled with hardened beveled washers against the sloping 

faces of the I-beam flanges to provide parallel bearing faces for the 

bolts; the other was fastened us·ing only hardened flat washers. 

A study of the load-slip and load-strain behavior is made 

for the three specimens and fundamental differences in their behaviors 

are pointed out. The distribution of stresses across the critical 

sections in the webs of the members is analyzed for all stages of the 

tests to determine what portion of the load on each specimen was 

resisted by the web. This makes it possible to determine the effIciency 

of the web and the flanges in resisting the loads applied to the members. 



10 INTRODUCTION 

10 Objeuct and Soop'e of' 'Investigation 

The te-gts ,reported herein were designed to study the funda

mental behavior of several large structural truss-type connections 

fabricated -wi'th'rive-ts or high strength holts 0 Very little information 

is available concerning the interaction of the various parts of such 

members and connections when loaded to failure intension. Consequent

ly, this, study was planned to determine thE:! manner in which the load is 

distributed, to the gusset plates as well as to study the effect of the 

type of fastener upon the behavior of the member and the connections 0 

With the advent of the high strength steel bolt as a means of 

fabricating steel structures, a number of new problems arose. The bolt 

holes are made 1/16-in. larger than the nominal size of the bolts. 

Therefore, the manner in which the load is transmitted through a long 

connection containing high strength bolts may differ considerably from 

that found in similar riveted joints wherein the rivets fill the holes. 

Questions have also been raised ooncerning the possibilIty of an unbutton

ing or early initiation of bolt failure in a long connection. Another of 

the problems concerns the need for beveled washers in bolted conneotions 

of standard I-sections--a saving in fabrication ,cost would be realized 

if the beveled washer could be eliminated.- These are a few of the prin

oipal questions studied in the tests disoussed in this report. 

Three specimens were tested in this study; each consisted of 

an 18-in. 5407-lb I-section oonneoted to 1/2-in. gusset plates with 

either 7/8-in. rivets or 7/8-in. high strength bolts. One specimen was 



fabricated with hot -driven rivets--the ···Dthert-wo with high strength 

* steel holts and hardened washers. One of the bolted specimens was 

assembled with flat hardened washers under both the head of the bolt 

and the nut. The second bolted specimen was assembled with a hardened 

beveled washer between the head o~ each bolt and the sloping flange of 

the I-section, and a flat hardened washer under the nut. The beveled 

washers had a slope of 16 2/3 percent to provide parallel bearing 

surfaces between the head of the bolt and the nut. 

The principal factors studied in these tests were: (1) the 

slip or de~·ormationof the joints under load and the effect of this 

slip on the strain distribution throughout the members, (2) the effect 

of the type of fastener on the behavior of the members, and (3) the 

distribution of load in the various parts of the members. 

2. Acknowledgements 

The tests described in this report are a part of an investi-

gation being carried on as a result of a cooperative agreement between 

the Engineering Experiment Station of the University of Illinois J the 

Illinois Division of Highways, the Bureau of Public Roads, and the 

2 

Research Council on Riveted and Bolted Structural Joints. This investi-

gation is a part of the structural research program of the Department of 

Civil Engineering under the general direction of N. Mo NewmarkJ Research 

Professor of Structural Engineering and was carried out by J. R. Fuller 

and T. F. Leahey, Research Assistants in Civil Engineering, working 

* The bolts were ASTM: Designation: -A325, "Quenched and Tempered Steel 
Bolts and Studs with Suitable Nuts and Plain Washers". 
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und'er-the direc-t supervision of W. H. Munse, Research Associate Professor 

o~ Civil Engineering. R. C. Bergendoff, former Research Assistant, and 
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Project IV Committee of the Research Council on Riveted and Bolted Struc-
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II. DESCRIPTION OF SPECIMENS AND TESTS 

3. General Desuripti·on 

The specimens were tested in a 3,000,000 Ib Southwark-Emery 

hydraulic testing machine in Talbot Laboratory at the University of 

Illinois. One of the specimens with all of the instrumentation attached 

and ready for testing is shown in Fig. I. 

The specimens were fabricated from au 18-in. 54.7-lb I-section 

and 1/2-in. gusset plates as shown in Fig. 2. The dimensions of the 

members and the spacing of the fasteners were the same for all three 

specimens. In addition, the I-section material was cut from one length 

of beam in an effort to obtain relatively uniform mechanical properties 

for all of the members. Consequently, the only difference between the 

three specimens was the type of fastener. 

The fasteners for both joints of each specimen were arranged 

* in four longitudinal lines two lines 3 1/2-in. apart in each flange. 

There were seven fasteners in each line at a pitch of 2 5/8 i~. or a 

total of 28 fasteners in each joint of a specimen. All holes were 

15/16-in. diameter and were drilled with the gusset plates and I-sections 

clamped together to insure accurate matching during assembly. 

Specimens S-l and S-2 were fabricated with high strength steel 

bolts. Specimen 8-1 was assembled wit.h hardened beveled washers between 

the heads of ~he bolts and the sloping faces of the I-beam flanges. This 

arrangement provided parallel bearing faces for each bolt. Only hardened 

flat washers were used for Specimen S-2. Thus as the bolts of Specimen 

8-2 were torqued, the bolt shanks were bent th:cough an angle of approxi·-

mately ten degrees as the bolt heads were pulled into contact with the 

sloping faces of the I-beam flanges. 

* A line of fasteners is referred to herein as a series of fasteners 
parallel to the direction of loading, and a row as those fasteners 
which lie on a line normal to the direction of loading. 



All of the bolts in Speoimens S-l and S-2 were torqued in 

accordance with the Research Council on Riveted and Bolted Structural 

.Toints Specif'ication for "The Assembly of Struotural Joints Using High 

Tensile Steel Bolts~o This specification provides for a minimum 

tension of 32,400 Ib for the 7/8-ino high strength steel bolts 0 

The connections of Specimen S-3 were fabrioated by a large 

struotural steel fabricator with machine-driven rivets specified as 

ASTM'Designation~ A 141. Project personnel were present during the 

riveting operation to witness and inspect the drivingo Prior to the 

final assembly of the spscimens J all contact surfaces were cleaned and 

wire-brushed to remove loose mill-scale~ burrs and rusto 

40 Mechanical Properties of I-Seotion Material 

The average mechanioal properties of the I-section material 

as determined by laboratory tests of standard flat ooupon specimens are 

given in Table 1. These properties, in general, met the requirements 

of ASTM Designation: A 7 for "Steel for Bridges and Buildings"o 

5 

The variation in the ultimate strength, the percent elongation 

in eight inohes J and the yield point of the I-section is shown in Figo 30 

.It may be noticed that the yield strength and ultimate strength were 

lowest at th~ web-flange junctiono The toes of the flanges and the 

center portion of the web evidently received more extensive cold-working 

in the rolling process than did the areas at the junction of the web and 

flanges. Consequently, the highest yield was obtained in coupons taken 

from the oentral portions of the web and the toes of the flanges. 

The chemical composition of the I-section material as deter

mined by mill analysis is given in Table 20 
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5. Bolt Calibrations 

The load-elongation and load-torque relationships for the 

bolts of Specimens S-l and 8-2 were determine"d with a "bol t-c alibrator" 

developed in the Structural Research Laboratory at the University of 

Illinois. This calibrator is extremely sensitive and can be adjusted 

for various bolt sizes and grips. As a bolt is torqued in the cali-

brator, the bolt tension transmitted to the bolt shank can be measured. 

The average load-elongation relationship for the Specimen 8-1 

( ) \ ( \ bolts parallel bearing surfaces is shown in Figo 4 aj. ~his calibra-

tion curve was obtained by tightening the bolts in the same manner as 

they were torqued in the test specimen. It may be noted that the yield 

strength of the bolts at an offset of 0.0005 ino was 36 7 000 Ibo This is 

the elastic proof load specified in ASTM Designation: A325 for 7/8-ino 

bolts loaded axially. Load-torque relationships were also determined 

(see Fig. 4b ) for the bolts which were used without the beveled washers 

(bearing surfaces not parallel). An attempt was made to correlate the 

load in these bolts with the elongation of bolts with plain washers but, 

because of the bending in the bolt shanks during the tensioning and the 

shifting of the bolts in the holes as the heads pulled into full bea~irrg7 

the values were not consistent. The slope of the average load-torque 

relationship may be noted as 8100 Ib/ft lb. 

6~ Instrumentation and Equipment 

Twenty-six SR~4 (type A-II, l-ino gage length) wire-resistance 

strain gages were applied to each specimeno Eight of the gages were 

located around the I-section at the center of each specimen to indicate 

the uniformity with which the strain was distributed across "'the sectiono 
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The rema-ining 18 gages were placed on both sides of the web at one end 

o:fthe specimen and in line with the first~ third, fifth, and seventh 

transverse rows of fasteners. It was intended that these gages indicate 

the manner in which the strains were distributed across the.web during 

the earlys-tages-of the test and to indicate how the strains were redis-

tributed when slip occurred in the specimens. Thirteen of these latter 

gages were placed on one face of the web and the remaining five were 

placed on the other face at selected positions opposite five of the other 

gages. The positions and the reference numbers of all of the strain 

gages are shown in Fig. 5. 

Slip dials were attached to the gusset plates at selected 

positions as shown in Fig. 5. Small lugs were soldered to the I-sections 

such that the slip dials were in contact with the lugs at the center lines 

through the various rows of fasteners. Any differential movement between 

the gusset plates and the I-sections at these fasteners was indicated by 

the dials. Two of these dials can be seen in Fig. 6. 

Brackets were attached to the gusset plates at the outer rows 

of fasteners of each connection to obtain the total extension of each 

specimen. These measurements included the total slip in the connection 

at each end of the specimen as well as the elongation in the I-section 

between the connections. 

One end of each specimen, up to within approximately 2-ino 

of the center section, was covered with brittle coatings approximately 

24 hours before testing began. For Specimens S-l and S-3, a brittle 

* lacquer was used on one half of the section and whitewash was used on 

* Brittle lacquer employed in this investigation was "Stresscoat". 
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the other half: for Specimen S-2, only whitewash was usedo These 

brittle coatings were employed to survey the distribution of the strain 

in the joints, to locate points of high stress concentrations and to 

detect differences in the behavior between the riveted and bolted speci-

ments. 

7. Description of Tests 

An average of about 15 load increments were taken in the tests 

of each of the three specimens 0 The strain gages and slip dials were 

read immediately after each loading incremento In addition, the brittle 

coatings were surveyed both during the loading and recording periods J 

and the crack patterns were outlined as changes were noticed~ 

All strain gages and slip dials were read immediately after 

each major slip in the bolted specimens 0 As would be expected J the load 

always decreased after a large slipo After the readings were completed 

at this lower load, the load was increaied to its preslip value and 

another set of readings was takeno When the load reached a maximum the 

slip dials were removed to protect them from damage when the member 

failed;; Thus a relatively comple~e record was obtained of the load.;.slip 

behavior"and of the strain distribution in the connections 0 
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III. RESULTS OF TESTS 

8. General Discussion of Tests 

One of the connections of Specimen S-l (with beveled washers) 

experienced the first major slip at a load of 364,000 lb. When this slip 

occurred, the load dropped to 300,000 lb. The load was then increased to 

368,000 Ib and the second joint slipped causing the load to drop to 302,000 lb. 

At a load of 468,000 Ib on Specimen S-l, cracks appeared in the Stress-

coat on the gusset plate indicating that local yielding was taking place. How-

ever, general yielding of the gusset plates did not occur until a load of 

a.pproxima~elY 640,000 Ib was reached. L~dersr lines (diagonal shear lines) 

appeared in the central portion of the web at the center of the specimen at a 

load of 645,000 lb. These lines on the web of Specimen S-l are visible in 

Fig. 6. 

The maximum load resisted by Specimen 8-1 was 798,000 lb. The frac-

ture of this specimen is shown in Fig. 7. It may be noted that the fracture 

occ~~red at the first row of fasteners. The toes of the flange~, at the frac-

ture section, showed considerable necking-down but the remainder of the frac~ 

ture did not. The fasteners at this fracture section were bent, but still 

intact. 

One of the connections of Specimen 8-2 (Plain hardened washers) 

exhibited first major sl~p at a load of 368,000 Ib, only 4,000 Ib higher than 

the load at first major slip in Specimen S-l. At a load of 450;000 Ib, part 

of this same joint slipped aEain; ~he second joint of this specimen did not 

slip until a load of 520,000 Ib was reached but at this load the entire 

j oint slipped int.o bearing. 

" Luders' lines began to form in the web at the center of the specimen 

at about 550,000 lb. These were of the same general nature as those which 

appeared in Specimen S-l as shown in Fig. 6. The maximum load resisted by 
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"Specimen S-2 was 808,000 Ib, and failure occurred through the critical net 

secti-on :in the -top- joint as shown in Fig. 80 

There was no sudden slip in the riveted connections, Specimen S-3. 

However, the load-slip relations for the specimen indicat-e that the rate 

of slip-increas-ed gradually with the higher loads. The whitewash began 

to spall-off the first row rivet heads at approximately 150,000 Ib and the 

brittle lacquer on the toes of the I-section at the first row of rivets 

started to crack at about 240,000 lb. At this latter load, lacquer cracks 

were noted also on the lower gusset plate just below the last row of fasten

ers. When the load reached 760,000 Ib the rivets in one gusset failed 

suddenly in shear. This failure is shown in Fig. 9(a). 

After the initial shear failure, all of the rivets in the connection 

were removed, and the joint was re-assembled with high strength steel bolts 

and beveled washers. These bolts were installed at the bolt tension desig

nated in the specification for the "Assembly of Structural Joints Using 

High Tensile Steel Bolts". 

After the connection had been bolted, the specimen was again loaded 

to failure; the second riveted connection failed in shear after a maximum 

load of 818,000 Ib had been reached. This second shear failure is shown 

in Fig. 9(b). The average shearing stress on the rivets at the time of the 

first and second failures was 45,000 and 48,600 psi respectively. 

The second connection was then bolted with high strength steel 

bolts and beveled washers, in the same manner as the first joint, and a 

third attempt was made to obtain a tension failure. The maximum load sustain

ed by Specimen S-3 in this third testing was 870,000 lb. The final fracture 

of the Specimen S-3 section ~s shown in Fig. 10. 
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"The fra'c.ture of Specimen S-3 passed through the first row of 

holes in gne flange and between the first and second T'O'WS crf holes at 

one of the bolts in the second flange. One of the bolts in this latter 

flange failed in shear prior to failure of the member 0 This probably 

~cUl"'f"'ed at the same time that the toe of the flange at the fastener 

f'rac-tured (see Figo 10 ) 0 Of course., the specimen had been loa.ded to 

76o/J(JO Ib before t:q.e bolts in this joint" -were installed and therefore 

this joint "could hartly be considered normal. It -nues, however, raise 

the question as" to whether high overloads on bolted joints affect the 

"behavior" or strength of such -a joint. 

9.. Load~Slip Re~8otionships 

(a) Specimen S-l: 

Figure 11 shows the load-slip relationships for the eight 

slip dials at the first rows of fasteners of Specimen 3-1 (beveled 

washers) ."~e=rreve:r -maj.-or slill occuI"'Ted, the load would drop. It can 

be assumed that the load would begin to drop at the same instance that 

the slip started, but it --was not possible to record load and slip during 

~he slipping of the joints. Therefore, the exa.ct shape of the load-slip 

relationship during slip is not known. For purposes of this report, 

slip is indicated on the diagrams as a straight dashed line, from the 

previous increment to a point at the maximum slip and the load at which 

this slip occurred. Thus a large major slip is shown as a long, nearly 

horizontal dashed line. If the slip occurred at another section, the 

drop in load shows up as a downward pip with little increase in slip. 
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Plastic" de"f"ormati.on ""of "the material around the fastener holes 

will have an effect on the load-Slip curves also. The brittle lacquer 

-stuu-iesi::ll"ci"tcated that the toes of" the flanges at the first row of fasten

ers began toyisld at about 240,000 lb. Therefore the load-slip curves 

may be expected to show, at this load, an increase in the rate of slip. 

The load-slip curves do b~gin to bend over at approximately this load and 

c ontinus"--t"O" do SO" until they are interrupted by sudden slip. 

From the load-slip curves of Fig. 11, it can be seen that the 

first major slip in one connection occurred at 364,000 lb. The second 

joint of "Specimen S-l slipped at a load of 368,000 lb. Thus, a load of 

366,000 Ib maybe taken as the average load at first major" slip for this 

specimen. This corresponds to an average nominal shearing stress of 

21,700 psi and an apparent coefficient of friction of 0.40. 

Figure 12 shows the load~slip curves for the slip dials in a line 

on Specimen S-l. All of these dials showed first slip at 364,000 lb. 

This indicates that the entire joint slipped at this same load; slip did 

not progress gradually along the joint. The slip curves for this specimen 

indicate also that large slips occurred only once or at the most twice 

before the fasteners were in bearing. After the fasteners are in bearing 

the load-Slip relation increases gradually to general yielding and then to 

"failure. 

(b) Specimen S-2: 

The load-Slip curves for slip at the first row of 

fasteners of Specimen S-2 (plain washers) are shown in Fig. 13. First 

major slip occurred in the lower joint of this specimen at a load of 

368,000 Ib but did not occur in the upper joint until the load had 

reached 520,000 lb. The loads for first major slip correspond to nominal 
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shearing stresses of 21,800 and 30,900 psi respectively; the correspond

ing apparent coefficients of frictioti are 0.41 and 0.57. 

The load-slip curves for Specimen S-2 were, at times, some

what erratic (see curves C and E on Fig. 13,) and did not always show 

clearly when the fasteners went into bearing. This may have resulted 

from the bending in the bolt shanks which resulted when the bolts were 

torqued into position, or possibly other factors. The joints seemed 

also to rotate somewhat at the higher loads, slipping a small amount on 

one side and then the other. However, the first major slip occurred at 

once along all lines of fasteners in each connection. The load-slip 

curves for the Specimen S-2 fasteners are shown in Fig. 14, and, as for 

Specimen S-l, indicate that the entire connection slipped as a whole. 

(c) Specimen S-3: 

Load-slip curves for Specimen S-3 (riveted) are 

shown in Fig. 15 and are believed to be typical for riveted joints. The 

specimen seemed to slip as a unit in the same manner as the bolted joints. 

This is evident in the lower portion of Fig. 15 where the load-slip 

curves for a number of rivets in a line are seen to be almost identical. 

An average load-slip curve for the first row slip dials of 

eadh specimen is presented in Fig. 16. These curves show the relative 

load~slip behavior of the three types of joints tested. The slip, up to 

a load of approximately 300,000 Ib (17,800 psi shear and 22,500 'psi 

tension on the net section) was greater in the riveted joints than in the 

bolted joints, but beyond this point the slip in the bolted joints, for 

a given load, was greater than the slip in the riveted joint. However, 

at the highest loads the 'slip in .the three joints again did not differ 

greatly. 
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At failure, the slip between the ends of a gusset plate of 

Speoimen S-2 and a transverse line on the flange was found to be nearly 

3/8 In. (see Fig. 17)· This gives an exoellent indioation of the large 

amount of deformation the oonneotions withstood before failure. 

The overall load-slip data for eaoh of the specimens is 

summarized in Fig. 18. It may be noted that these are somewhat similar 

to the load~slip ourves obtained for the individual oonneotions. The 

prinoipal differenoe is in the relative effeot of the major slip on the 

load-slip relationship because of the inclusion of the deformation of 

the I-seotion and the ;gusset plates in the overall-slip, the relative 

effect of the major slip at the conneotions is reduced. For the tests 

of Specimens S-l, S-2 and S-3, the total overall- elongation at a load of 

550,000 Ib (after all of the joints had slipped) was approximately 0.32, 

0.34 and 0.21 in., respeotively. If the members had been 30 ft long 

between the last rows of fasteners instead of 5 ft, the elongation of 

the added seotion between the gusset plates would have been approximately 

0.35 in., for the same load, and the overall elongations approximately 

0 .. 67,0.69 and 0.56 in. for the three corresponding members. Thus, in 

members five times the length of the test specimens, the total overall 

extensions under a load of 550,000 Ib would all have been more nearly 

the same .. 

The lower part of Fig. 18 shows, to a larger scale J the 

initial portions of the average overall load-slip ourves for each speci

men. The average ourve for Speoimen S-l is linear up to 200,000 lb. 

During the remaining load increments, local yielding in the toes of the 

flanges began to affect the rate of deformation . 
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Load:;.;;.Stra±n Relati·-onships 

ft:gares 19(a) and 19(b) present the load-strain relationships 

obtained-wlt-h SR-4gages on Specimen S-l (beveled washers). The locations· 

. of thesg'--gage-s- are shown in Fi-g. 5 and in the small diagrams on Fig. 19· 

The load-strain curves indicate that major slip in the joint 

bad no s·ignif·icant ·effect· on- the load-strain relationships of the web crf 

the member. When'the joint slipped, "the load.:.strain curves for the 

V'arious····gage-s·· indicated a lo"ss in strain ·but when the load was again" 

increased the load and strain increased until they joined with the origin

al ourves. 

All of the load-strain ourves for the gages located at the 

oenter of the I-section are shown in Fig. 19(b). These load-strain 

relationships increased more or less linearly up to a load of approximate

ly 600,000 Ib, after which general yielding started to take place. 

Load-strain curves for Specimen S-2 (plain washers) are shown 

in Fig. 20(a) and 20(b). The outstanding difference between these curves 

and those for Specimen S-l (beveled washers) is the increase in the 

number of times at which a slip occurred. However, the resumption of 

loading for each increment returned the load-strain.relationship to 

approximately the same position as the corresponding curve for Specimen 

S.,..l. 

The load-strain curves for Specimen S-3 (riveted) are somewhat 

smoother but have the same general shape as those of Specimen S-l and 

S-2 (see Fig. 21). However, it may be noted that the curves for gages 5, 

14, 1, and 16, although in corresponding positions, indicate a consider

able d~fference in behavior. This may have resulted from a difference 



in the l'oadctlstribu-tion to the two gusset plates or possibly from a 

differenc'e in the residual stresses in the member. 
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The strains at t-hecenteT section of each specimen have been 

oompared --at various loads to determine whether there was any difference 

in the ganeral behavior of the members. These strain.:..dis·tribution· 

diagrams are given in Figs.22, 23, and 24, respectively, for Specimens 

S-l, S-2', and S-3. At the lower loads the strains were relatively uni

form but at the higher loads this changed, even in the webs. The 

di~grams also' show that a considerable amount of bending and twisting 

ex;i.sted 'in the flanges of the'members. 

Similar strain-distribution diagrams have been drawn for 

horizontal and vertical distribution of longitudinal strain in the web 

of each specimen. Figure 25(a) shows the strain-distribution diagrams 

for the horizontal rows of gages in the web of Specimen 8-1. Figure 25(b) 

shows similar diagrams for the distribution along all longitudinal lines 

of gages on Specimen S-l. Similar diagrams for Specimens S-2 and S-3 

are shown in Figs. 26 and 27. 

The strain-distribution diagrams for horizontal rows of gages 

indicate an increase in the shear-lag on transverse sections.from the free 

end of the web to the first row of fasteners. In the diagrams for the 

longitudinal lines, the increase in axial strains from the last row of 

fasteners to the first row was nearly linear at the lower loads. This 

indicates that all fastener rows were taking a nearly equal share of the 

load. However, at loads greater than the load at the first slip, the 

strain distributions become curved, indicating that the first few rows of 

fasteners took a gr~ater share of the load than did the other fasteners. 
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11. ' Bri'ttleLcruqu-er-Cra-ck Pat-terns 

Thebri't'tle lacquer used in these tests"is a strainindtcating 

device which cracks in a dire'c'tion normal to the prinoi"pal t'ensile strain. 

The sensTtivi'ty of the lacquer, the strain at which it cracks, is a 

functionoi' the type of 'lacquer used, the temperature and humid tty condi

tions from' the 'time the laoquer is applie'd until it is used, and the rat-e 

of loading during'the te-sts. Consequently, 'quantitative studies of 

strains by means of the laoquer require extreme care and the use of care

fully developed techniques. Upon completion of the quantitative' s-tudie's, 

a valuable-qua:l±tative application of the brittle lacquer may be obtained' 

by sens'i'ti'Zing the coating by rapid cooling. This may be accomplished by 

spraying the specime'n with an ordinary carbon-dioxide fire extinguisher 

a.nd will reveal, in the entire lacquer coating, a crack pattern on all 

areas and in a direction normal' to the principal tensile strains. 

The strain indicating lacquer was used on Specimens S-l and 

8-3 only. That on Specimen S-l had a rather low sensitivity. After 

corrections had been made for' creep etc., the sensitivity was found to 

be slightly over the average yield point strain for the I-section materi

al. 'Thus, the crack patterns in the lacquer indicated only those loca

tions at which the material had started to yield. The lacquer sensitivity 

for Specimen S-3 was sDmewhat better, but still not as high as had been 

desired. Nevertheless, significant data were obtained from these brittle 

lacquer studies. 

During the testing of Specimens S-l and S-3 the ends of the 

cracks in the lacquer were connected with a grease pencil to designate 

the extent of yielding. These lines were labeled with the load on the 

specimen at the time the lines were drawn. The crack outlines on 
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Specimen S-3 are shown in Fig. 28-for the gusset plate and the web and 

. flange Of the member f·or loads up to 500,000 lb. The lower left hand 

photograph showS" also the stress trajectories on the web of Specimen S-3 

after it had been sensitized. 

The first cracks noted in the lacquer on Specimen S-3 were at 

the toes of the flanges at the first row of fasteners and on the gusset 

plate at-the seventh row of fasteners. These cracks indicated that local 

yielding'-be-ganat these locations at about 240,000 lb. Yielding may 

have started somewhat before this at the edge of the rivet holes, but 

because of the interference of t-he rivet heads, the lacquer could not be 

placed a"t t-he edges of· the holes. 

The lacquer coatings on Specimens S-l and S-3 were sensitized 

at loads-of-60o,000 lb and 500,000 Ib respectively. The general direc

tion of the cracks was marked with a grease pencil and photographed. 

These so~called stress trajectories on the gusset plates of Specimens S~l 

and S-3 are shown in Fig. 29· 

The crack extremity outlines at various loads for the Specimen 

S-l gusset plate are also shown in the upper part of Fig. 29. The 

stress 

lines. 

trajectories have merely been drawn over the top of these out-

12. Residual Bolt Tensions 

The residual tensions in the bolts of Specimens S-l and S-2 

were determined after the specimens had failed. A good correlation was 

found between the residual elongation and the maximum torque necessary 

to remove the bolts from the first three rows in Specimen S-l. Conse

quently, torque was used exclusively to determine the residual tensions 
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,1:'or the ba:lanc-e--'-of -the '-botts in Speoimen S-l and Speo-imen S'-2. The aver-

age holt-'tensions for all seven rows of fasteners in these speo imens are 

shown in Fig. 30. 

The- bolt tensions in -the first TOW of fasteners of both s-pec'i-,;;.. 

mens were small beoause the I-seo-tion rna terial hadneoked-downa t the bolt, 

holes.SimiTarly; the re-sidual tensions in the seventh row bolts were 

also low" b-e"c'aus-eneo'king-'haduc-curred- in the gus-set plates at this looa-

tion~ The maximum bolt 'tensions were obtained in the oentral p'ortions o:f" 

the oonne'otion. However, even at this looation a oonsiderable loss in 

tension was observed. 

It is of"-- interest to note that the average residual bolt 

tensions'were'greater in the S-2 speoimen than in S-l. Thus, the bolts 

in theconnection's wi thaut _beveled washers appeared to maintain a greater 

percentag'e of their'" initial olamping than did the bolts in the oonneotions 

with the-" beveled washers. 
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IV. ANALYSIS AND DISCUSSION OF TEST RESULTS 

13-~ Behav ioyr-m-the Sp-ecimens 

The fact that the bolts in Specimen S-2 were bent, had no 

consistent effect on the load at which-first major slip occurred; both 

bolted sIJeaimens (S-l and S-2) exhibited first,major slip at about 

366,000 lb. After this first slip occurred, the behavior of the two 

specimens dif'fered somewhat. However, these differences in the slip 

behavior' affected only slightly the load and consequently'the strain' 

throughoutthe-sp-ecimens. Wht3n the load in Specimens S-l and S-2 was 

increased after a slip, the load-slip and load-strain relationships were 

merely retraced up' to' the previous sli'p load.- Thus, 'the envelop-es' of 

the load-slip or the load-strain curves were approximately the same for 

both bolted specimens. 

It has been found that the reactions of the bolts on the 

gusset plates and the I-beams were inclined slightly with the axis of 

the specimens. Figure 31 shows one of the gusset plates of Specimen S-2 

in the region of the last row of fasteners. The impressions of the 

threads in the bolt holes and the elongation of the bolt holes indicate 

the directions of the bolt reactions against the gusset plate during the 

latter stages of the test. The photographs of the specimen failures, 

Figs. 7, 8, and 10, show how the holes in the I-section had also been 

strained at a slight angle with the axis of the web. However, this 

straining was inclined toward the web in this case, just the reverse of 

the 'direction of loading in the gusset plates. 
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The brittle lacquer studies may be us'eet as a means of' estimat-

I-section"flanges: The" initial'yi'elcting'of'- 'the specimens at the first 

transvers-e-"row of fasteners occurred at a load 'of approximately 

240,OOO"lb-'andan'average-'nomtnal stress' 'on the member of'-15';OOO psi. 

Then, sit1c'e" the' average yield p'Oint stress for the material' in the' toes 

of the f"langeswas approx:brrately 40,400 psi (see Table 1), the stress 

ooncentration factor for yielding at the toes of the I-section is 

approximately 2.7. 

Stress Concentration Factor 

l4-. COID}?u-tation of' Load- R-e:6is"t'Efd by the Webs 

40,400 
15,000 2.7 

In the analysis of the 'load-strain data, although not planned 

originally, an attempt was mcde to ascertain how much of the total load 

was resisted by the web at the first row of fasteners. For this purpose 

average strain distribution diagrams were determined from the strains 

measured at the first row of fasteners. These average strain distribution 

diagrams are shown in Fig. 32. When the distribution of axial s'train 

across the web is known, the approximate axial stress distribution may be 

determined from th~ stress-strain properties of the material. These 

axial stresses may then be used to estimate the total load carried by the 

web. 

To compute the load resisted by the web at various loads on 

the specimens, reference was made to the average strain distribution 

diagrams of Fig. 32. In Specimen S-l, for example, consider the distribu-

tion of strain at a total load of 300,000 lb. The "strain-area" 
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(the area under the 'straIn distributinn 'diagram) j for this load is made 

"up -of the trapB-zo±dal areas ABFG and BIKF. The sum of these areas divid-

ad by t-he web depth 'is then equal to the average strain in 'the web at 

the-given load. 

The average "Stress may be oomputed from the relationship, 

s = E E w w 

Then the load carried by the web ia: 

where, 

p 
w 

s A 
w w 

E = average unit strain in the web 
w 

E = modulus of elastioity, assumed to be 30,000,000 psi 

P = load resisted by the web in~b 
w 

s = average stress in the web in psi 
w 

A = area of the web in sq. in. 
w 

(1) 

(2) 

On this basis the load resisted by the web of Specimen S-l at the first 

transverse row of bolts was found to be 136,000 Ib at a total load of 

300,000 lb. 

As the loads became higher, the axial strains in the web 

approached and then exceeded the yield point strains of the web material. 

When the web strains at a gage exceeded the yield point strain it was 

assumed that the material from that point out to the nearest flange' was 

stressed at the yield point stress. In Fig. 32 the average variation in 

yield point strain from the original ooupon data has been plotted on the 

strain distribution diagrams. Thus, at a total load of 450,000 Ib 
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the strai.n area f'orthe web 'of Sp'ecimen S-lwould be the sum -of the areas 

LMQC ,OPKR, and ttre--two-trape-zoidal areas MNFQ, and NORF'. Then, in the 

same manner as beture, the load crarri'e-d by t'he web was . found to be 

269,000 lb and the load carried by the flanges was 181,000 lb. 

If' 'the web and- 'flange- 'material -of Specimen 8-1 had been 

strained to the same extent, that is uniformly, 'they 'would' have resisted 

a portion of" t-he total load in prop'Ortion to their respective areas 

(216,000'-l'b in'the web). Then, both the flanges and the web would have 

been fully eff'entive, or 100 percent effic ient, in resisting ·the load. 

In the present s"tudy the effectiveness of the web has been 

computed'as follows: 

Where 

Web effectiveness, percent = 

p. = load on the specimen in Ib 

P /A w w 
pIA 

g 

100s 
(100) = __ w 

S 

A = gross area of 18"-1-54.7 Ib section g 

S = average stress on the gross section in psi 

When the web material is, in part, strained above the yield 

point, the .load carried 'by the web may be computed on the basis of yield 

point stress on those areas which have yielded. This procedure was used 

to determine effectiveness of the web material of the specimens for loads 

up to about 500,000 lb. Beyond this load, the web material started to 

strain-harden and the computed effectiveness of the web may be somewhat 

too low. However, the effect should not be too great until all the mater-

ial in the section is in the strain-hardening state. After all of the 

material in the web begins to work-harden, the assumption that the web 

is at yield point stress level may be considerably in error. 
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The variatIon in web effectiveness with load "for -the three 

specimens ·-of th±ss-tudy are shown in Fig. 33. In-this figure j;t may be 

'seen that-the behavior 'of the three specimens differed somewhat in the 

early stage-s--of'--the-te-stos. At -the small loads before loc-alyielding 

or slip- 'o'C'C"urre-d,-the effec-tiveness of- the we-bsappeared to"de-pend on 

the type off-ast-ener used in the connection. In the web of Specim.en S-3, 

the specimen with r-ivets, the strain gradient across the section was 

more uni-f-orm than in the bolted sp-ecimens and, as a result, the web was 

more eff-ective in resisting the applied loads than in the case of the 

other two' specimens. The' bolts in the specimen with beveled washers, 

Specimen' S.;..l, appeared to' di:stribute -the- load more unif"or-mly than did 

the bolts in the specimen with plain washers. Consequently, in the 

early stages of-the' tests, the web of S-pecimen S-l was somewhat more 

effective than the web of Specimen S-2. 

Beyond 300,000 Ib the webs of the three members appeared to-

act somewhat alike but, at times, were quite erratic in t'he bolted-memb-ers-

because of the slip in the joints. When the toes of the I-section beg~n 

to yield a greater share of the total Toad was resisted by the web of each 

speoimen. This, of course, produced an increase in the web effectiveness. 

Then, as general yielding progressed through the flanges the webs became 

increasingly more effective until work-hardening began. As work-hardening 

progressed across the webs, the effectiveness of the webs appeared to 

decrease-. 

It should be noted that the straight line approximations used 

for the strain distributions of Fig. 32 may be somewhat in error for 

loads greater than 350,000 lb. However, the- available data do not seem 

to justify any further refinements . 

. ~ ,-



15. Ef-£-e-crt-iveness of Webs at Failure 

Whenthe"tests-pe-cimens failed' the fracture occurred through 

the net -sButi'on--of--only- one of the two- jotnts in the members. If it' is 

assumed'that-:taiiure In the other joint was incipient, the effective

ness of-the parts uf---the I-section can be obtained from the properties 

of the mat-erial at the critical section of the unfractured joint. 

The pro-pertieE3 of' these intact joints were studt-ed by means 

of coupons which were cut from the critical section (first transverse 

row of fasteners). Seven of these coupons were taken from the web at 

the first transverse row'of fasteners of each of the three specimens. 

These coupons were milled flat and tested using a 2-in. high sensitivity 

extensometer to determine accurately the "breaklt (defined as the yield 

strength) in the stress-strain curves for these 'retest coupons. 

When the original coupons from the I-section material were 

tested, the actual least cross-sectional areas were determined at each 

load increment. From these data the Ittrue stress" (based on the least 

area at the increment) and the unominal stress" (based on the original 

coupon area), were ascertained. By comparing the original stress-strain 

curves and the stress-strain curves of the retest coupons it has been 

possible to determine approximately the effectiveness of the webs when 

failure occurred in each companion connection. 

The principal step in determining the efficiency and effect

iveness of the web was to determine the magnitude of stress in the web 

when the member failed. The manner in which this was done may be seen 

in Fig. 34. The material across the critical section of the unfractured 

connection was strained into the work-hardening range during the test. 

This resulted in a reduction in the thickness of the material at the 



sec-tion 'us-edfor the re-te-gt coupons. Consequently, the 'yield strengths 

d etermined- from the re-test -couponsc"orrespond topoi:nts on the "true 

'stress'-stra±n" curves-'of"'i;he -original mai;erial. The tni:i;:ial stratn' or 

pmrtt±-on-of- the 'origin of-the "-stress-strain" curves of- the re-test 

coupons as compared with the original curves of the matElrial was deter

mined by· sliding 'the curves over the tt-true stress-strain" curves until 

the yield strength coincided with the latter curvei. When the yield 

strength'of the re-test coupons was located on the "true stress-strain" 

curves,' the-nominal si;rain could be ascertained. This nominal strain 

then gave the maximum engineering stress to which the material had been 

subj ected during the test of" the member and can be used to'--dei;ermine the 

magni tude' of the load carried by the web of the member at failure. 

The yield strengths of the re-test coupons of Specimens S-l, 

S-2, and'·S-3 are shown in Fig. 35. It is evident in this diagram that 

the yield strength, and consequently, the strains at failure were very 

nearly the same across the web of Specimens S-l and 8-2. The yield 

strength distribution for Specimen S-3 was different, but it should be 

remembered that the material in Specimen S-3 was riveted first and then 

bolted after the rivets had failed in shear. llhis multiple testing and 

re-fastening with bolts undoubtedly had an influence on the strain dis-

tribution in the web at failure. 

The estimated axial stresses across the critical section of 

Specimens S-l, S-2, and S-3 at failure are shown in Fig. 36. The ulti

mate strengths of the original coupons from this section are also 

plotted in the diagram. From these data it appears that the rupture 

occurred when the maximum stress in the web near or at the web-flange 

junctions reached the minimum ultimate coupon strength. This observation 
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-IS -similar'to--crb"s-erva.tions which have been made -"in other-tests of flat 

plate spErcrimens and' may ai-d gre-atlyin explaining the behavior of 

structural joints at failure. 

If' a Joint fails when some port±-on of 'the section is- stressed" 

to its ultimate s-trength, then the ultimate s'trength (as determined from 

the original--coupons) could 'be used to compute the efficiency of: the 

joint or 'member. The e:r:riciencies of the specimens of this program, if 

it is as'sumed-that the joints failed when the minimum ultimate coupon 

s trength"of 67,700 psi was attained, were as follows: 

Specimen No. Test Efficiency in Percent 

S-l 

S-2 

S-3 

73·9 
74·9 
70.4 (first loading) 
75.7 (second loading) 
80.6 (third loading) 

Although the member with plain washers (S-2) was slightly 

stronger than the joint with beveled washers (S-l) the difference is not 

believed to be significant. Differences as large or larger may result 

from variations in the properties of the material itself. The higher 

efficiency of the riveted specimen may have resulted from the cold 

working of the joint produced in the multiple loadings. Thus, the effi-

ciency of the specimens of this series may be taken as the average of 

Specimen 8-1 and S-2, or 74.4 percent. 

With the data available the efficiencies may be broken down 

into the efficiencies of the components of the section, the web and the 

flanges. The efficiency of the web of the specimen is the ratio of the 

load resisted by the web at failure to the computed ultimate web resistance. 
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In a s±milar manner, the -eff±-ciencY' of' 'the flanges can be determined. 

The--efii.-ci-en-c-y-of the webs at failure were determined fr-om 

the areas under the Itengineering~stregstt d'istribution diagrams crf' 

Fig. 3-6. Then the effi.c·iellcies of theflange-s of each specimen could be 

-c'omputed; because the flange effic-iency times the flange area plus the 

web effitriB'rrcy·-ti:m:es the web area- must equal the test effie-iency of "the 

s'pecimen--t-ime-s -the grass area of the section. On the basis o:f this 

relations-hip- the eff"iciencies of the component parts of the I-section of 

the thre'e specimens were found to be as follows ~ 

Specimen No. 

S-l 

S-2 

S-3 

Specimen Test 
E":fficienc-y in Percent 

73·9 
74·9 
80.6 

Web Efficiency 
in fercent 

80.9 
82.8 
74.1' 

Flange Efficiency 
in Percent 

Theoretical Efficiency = 83.6 percent 

Neglecting Specimen S-3 because of the multiple loading, one 

finds that the webs were approximately 82 percent efficient even though 

there were no holes in them; the flanges were about 67.5 percent effi--

cient and the net area of the flanges was about 68.8 percent of the gross 

area of the flanges. Thus the flanges almost developed the full strength 

of the flange material as determined by the coupon tests, whereas the web 

material developed only 82 percent of the strength of the material. 
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v. SUMMARY OF RESULTS AND CONCLUSIONS 

16.· Summ.ary···of' Results 

The results of the tests of the three specimens of this series 

may·be summarized· as fullows: 

l. The two····bott·e-d ·specimens behaved similarl·y·u-p·to appr·oxi-

mat e-l y 366,000 Ib, the average load at first maj"or slip. After this 

~. first s]:ip, ·how-ever, the behav-:i:-ors dif'"fered . somewhat . Specimen S-l 

(beveled···washers) exhibited only two large slips at nearly equal loads, 

be'fore booth joints of the specimen had pulled into full bearing. 

Specimen S-2 (plain washers), experienced a slip in one joint at 

368,000 lb, but the second joint did not slip until the load had reached 

520,·000 lb. 

The load slip relationships of the riveted Specimen, S-3, are 

smooth curves in contrast to the irregular load-slip diagrams obtained 

for the bolted joints. 

2. All of the fasteners in the connections seemed to slip as 

a unit; the slip did not propagate gradually along the length of the 

joint. 

3. Up to a unit shearing stress of 17,800 psi (a total load 

of 300,000 Ib) the slip was greater in the riveted specimen than in either 

of the bolted specimens, but beyond this stress the slip in the bolted 

joints was larger. 

4. The load-strain curves for the specimens indicate that 

major slips in the joints had no great effect on the strains i"n the web 

of the members. 
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·-S. The load-strain relationships from the web gages at 'the 

oenter seotion were more or less linear up t·o loads of approximately 

600,000 Ibo Beyond this load yielding beoame general throughout the 

entire seotion. 

6. The strain-distribution within the joints, as one might 
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expect, indicated that the shear-lag in the web increased from the free 

end of the web to the first transverse rows of fasteners, and that the 

material at the center of the web at the first transverse row of fasten-

ers was never utilized as fully as the flange material at this section. 

7. The strains from the longitudinal lines of web gages near 

the flanges of the joints indicated a nearly linear pick-up of axial 

stress in the webs of the bolted specimens before first slip. After 

slip, however, the distributions became curved, indicating that the first 

rows of fasteners were carrying a greater share of the load than those 

in the last rows. 

8. The brittle lacquer studies indicated that local yielding 

had started in the toes of the flanges at the first transverse rows of 

fasteners at a load of approximately 240,000 lb. The computed stress 

ooncentration factor at this location is then approximately 2.7. 

9. The load-strain relationships from the SR-4 gages on the 

webs of the specimens were used to ascertain the magnitude of the load 

;t, resisted by the webs. From this analysis it was observed that, at low 
I· ~ ~; 

loads, the web of each specimen was less effective than the flanges. 

But when yielding was general acro~s the entire critical section, the 

webs were considerably more effective in resisting load than were the 

flanges. 
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100 The maximum loads resisted by the specimens were 

798,000 lb for Specimen S-l, 808,000 Ib for Specimen S-2, and 870,000 Ib 

for Specimen S-3. 

The rivets in the two joints of Specimen S-3 (riveted) failed 

f' in .shear at 760,000 Ib and 818,000 lb. These loads correspo~d to an 

( average ultimate shearing stress of 45,000 and 48,600 psi, respectively 

on the rivets. All of the rivets, after failure, were replaced with 

high strength bolts to obtain the fracture in the main member. 

11. The analysis of the specimens indicates that, at failure, 

the web material at the critical sections of the bolted specimens was 

approximately 82 percent efficient, and the flanges about 67.5 percent 

efficient. The web efficiency for the riveted specimen was 74.1 per-

cent, and the flange efficiency was 86.6 percent. However, the behavior 

of the riveted specimen was probably affected by the multiple loadings 

necessitated by the rivet failures in this test. 

19. Conclusions 

The limited tests described in this report lead to the follow-

ing conclusions for the behavior of I-beam tension connections. 

1. The principal difference in the behavior of the bolted 
. . 

joints with or without beveled washers was in the manner in which the 

joints slipped into bearing. The joints assembled with beveled washers 

slipped into full bearing at loads only slightly greater than the load 

at .. first major slip while one of the joints with only flat washers 

required a load considerably greater than the load at first major slip 

to pull into bearing. Thus)_there may be advantages other· than the 
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reduct-i·onin a·ostby assembling Joints without beveled washers. However, 

furt-hey---t-e-sti.ng is necessary' to demonstrate whether the beveled washers are 

necessaryundBr other condittons-·-than the few considered- in these, tests. 

2. The distribution of strains throughout the sections were not 

greatly af-fe-cted by the variation in the type of fasteners. In the early 

stages of the tBsts, however, the rivets did appear to provide a somewhat 

more uniform distribution of load throughout the web than did the bolts, 

and the bolts with the beveled washers appeared to give a little more uni-

form distribution than did the bolts with the plain washers. 

3. The strength of the joints of this study appeared to depend 

upon the minimum ultimate strength of the material. The material of 

minimum ultimate strength in an I-section will generally be located at the 

junction of the web and flanges. 

4. Although the flanges in these truss-type connections devel-

oped mos·t of the strength in the available material, the reduced efficiency 

of the web material resulted in test efficiencies which ';;ere approximately 

lO-,percent less than the theoretical (net section) efficiencies. 

5. Although many questions may be answered by these few tests, 

( it would seem desirable to pursue further the studies developed herein 
I:: 

Ii 

concerning the efficiency of the components of structural members and shapes. 

Such studies could be used to answer such questions as: 

a) What is the effect of the web depth on the efficiency 
of the I-section? 

b) Is the web efficiency a function of the relative areas 
of the web and flanges? 

c) What effect does the web have upon the efficiency of a 
flange? 



;. 

d) Do the mechanical properties of the material affect the 
web efficiency? 

e) How do the efficiencies of wide-flange and standard 
I-sections differ? 

33 

These are but a few of the many questions that might be asked about the 

t' efficiency of truss-type members. 
~. 
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